Tick-borne spotted fever group (SFG) Rickettsia species are obligate intracellular bacteria capable of infecting both vertebrate and invertebrate host cells, an essential process for subsequent bacterial survival in distinct hosts. The host cell signaling molecules involved in the uptake of Rickettsia into mammalian and Drosophila cells have been identified; however, invasion into tick cells is understudied. Considering the movement of SFG Rickettsia between vertebrate and invertebrate hosts, the hypothesis is that conserved mechanisms are utilized for host cell invasion. The current study employed biochemical inhibition assays to determine the tick proteins involved in Rickettsia montanensis infection of tick-derived cells from a natural host, Dermacentor variabilis. The results revealed several tick proteins important for rickettsial invasion, including actin filaments, actin-related protein 2/3 complex, phosphatidylinositol-3=-kinase, protein tyrosine kinases (PTKs), Src family PTK, focal adhesion kinase, Rho GTPase Rac1, and neural Wiskott-Aldrich syndrome protein. Delineating the molecular mechanisms of rickettsial infection is critical to a thorough understanding of rickettsial transmission in tick populations and the ecology of tick-borne rickettsial diseases.
T ick-borne rickettsial diseases caused by pathogenic bacteria belonging to the genera Rickettsia, Anaplasma, and Ehrlichia are steadily increasing in the United States (1) . Infection associated with these obligate intracellular bacteria ranges from mild, self-limiting to severe, including death (2) . In the typical transmission cycle, spotted fever group (SFG) rickettsiae transmit vertically during the tick life cycle stages and between vectors and vertebrate hosts during tick acquisition of a blood meal. In vertebrate hosts, mechanisms of SFG Rickettsia infection, including invasion, escape from the phagosome, intracellular growth, intracellular movement, and cell-to-cell spread, have been studied (3) . Tick acquisition of SFG Rickettsia from rickettsemic hosts is poorly described, and despite the essential role for tick hosts in maintenance and transmission of SFG Rickettsia to vertebrate hosts, the biology of the tick cell-SFG Rickettsia interaction is understudied.
The obligate intracellular nature of Rickettsia requires bacteria to invade both vertebrate and invertebrate host cells, and this process, host cell invasion by SFG Rickettsia, has been studied in mammalian and Drosophila cell lines. Mammalian ligands Ku70 and ␣ 2 ␤ 1 integrin interact with rickettsial outer membrane proteins B and A (OmpB and OmpA), respectively, and are involved in Rickettsia conorii invasion of mammalian host cells (4, 5) . After binding to rickettsial OmpB, R. conorii induces signaling cascades in which Ku70 is initially ubiquitinated by c-Cbl ubiquitin ligase. Subsequently, signaling molecules, including Cdc42, protein tyrosine kinases (PTKs), phosphatidylinositol-3=-kinase (PI3-kinase), Src family tyrosine kinases (Src), focal adhesion kinase (FAK), and cortactin, coordinately activate the actin-related protein 2/3 (Arp2/3) complex. Activation of the Arp2/3 complex leads to actin polymerization and recruitment of the components of endocytic pathway, including clathrin and caveolin-2, at the bacterial entry site. The rearrangement of the actin cytoskeleton results in membrane extrusion and subsequent bacterial internalization into host cells (4, (6) (7) (8) .
Differences between host factors central for rickettsial uptake in invertebrate-versus vertebrate-derived cells are present for Rickettsia parkeri. Assessed by an RNA interference (RNAi) screening approach, the GTPases Rac1 and Rac2, the WASP (Wiskott-Aldrich syndrome protein) family verprolin homologous protein (WAVE) nucleation-promoting factor complex, and the Arp2/3 complex contribute to the invasion process in Drosophila S2Rϩ cells. The Arp2/3 complex is also essential to rickettsial invasion of mammalian cells, yet the requirement of WAVE2 and Rho GTPases occurs in a cell-type-specific manner (9) . These findings indicate a role for the Arp2/3 complex, WAVE, and Rho GTPases, with a degree of host-dependent variation, in SFG Rickettsia invasion of vertebrate and invertebrate cells.
The molecular mechanism of rickettsial invasion of tick cells has been examined in cell culture models and in tick tissues. In a tick-derived cell line, histone H2B facilitates the uptake of Rickettsia felis into host cells in vitro (10) , consistent with a DNA-binding molecule serving as a receptor in mammalian cells (4) . A homolog to mammalian vacuolar-ATPase (V-ATPase) was identified in Dermacentor variabilis, and a V-ATPase inhibition assay was used to demonstrate a role for V-ATPase in rickettsial internalization in a tick-derived cell line (11) . Similarly, a recent molecular and functional characterization of the D. variabilis Arp2/3 complex identified a relatively conserved molecule that is involved in rickettsial entry. The Arp2/3 complex contributes to host cell invasion by Rickettsia montanensis in the natural arthropod vector, as determined using an ex vivo biochemical inhibition assay (12) . Interestingly, downregulation of transcripts of ␣-catenin, a molecule associated with actin organization, in ticks upon rickettsial exposure suggests that ticks may actively respond to rickettsial infection by limiting the utilization of ␣-catenin (13) . The presence of conserved molecules in multiple host backgrounds allows for further characterization in vector backgrounds.
The movement of SFG Rickettsia between vertebrate and invertebrate host cells during the transmission cycle suggests that conserved mechanisms are utilized for cell invasion in both hosts. To further delineate the process of SFG Rickettsia infection in natural arthropod vectors, it is necessary to identify the tick molecules involved in SFG Rickettsia invasion of host cells. A panel of inhibitors which impact components of the signal cascade, including actin polymerization, Arp2/3 complex, PTKs, and PI3-kinase, and impair rickettsial infection in both mammalian and insect cell lines (6, 9) was incorporated into biochemical inhibition assays to identify host proteins involved in the uptake of rickettsiae into tick cells. Because ticks play an important role as vectors and reservoirs in the ecology of rickettsiae, identification of tick-derived molecules associated with rickettsial invasion is essential to a thorough understanding of rickettsiosis.
(This work was conducted by N. Petchampai in partial fulfillment of the requirements for a Ph.D. from Louisiana State University, Baton Rouge, LA, 2013.)
MATERIALS AND METHODS
Cell culture and Rickettsia preparation. Vero cells were cultured in Dulbecco's modified Eagle's medium (DMEM) with high glucose (Invitrogen) and containing 5% heat-inactivated fetal bovine serum (FBS; HyClone) in a humidified 5% CO 2 incubator at 34°C. Embryonically derived D. variabilis cells (DVE1) were grown in L15C medium (14) supplemented with 10% FBS, 5% tryptose phosphate broth (Difco), 0.1% lipoprotein-cholesterol concentrate (LPC; MP Biomedicals), 6 mM HEPES buffer (Sigma-Aldrich), and 0.06% sodium bicarbonate (SigmaAldrich) without CO 2 at 32°C, as previously described (11) .
As described by Sunyakumthorn et al. (13) , R. montanensis was propagated in Vero cells and maintained in a humidified 5% CO 2 incubator at 34°C. For each experiment, rickettsiae were purified using a modified protocol of Weiss et al. (15) as previously described (11) . Briefly, Rickettsia-infected cells were detached using a sterile cell scraper (Sarstedt) and lysed by vortexing with sterile 3-mm borosilicate glass beads (Sigma-Aldrich) for 5 min. Cell lysate was then transferred aseptically to 15-ml centrifuge tubes and centrifuged at 4°C and 275 ϫ g for 3 min to pellet cellular debris. The supernatant was transferred to a 10-ml syringe and filtered through a 2-m-pore-size syringe filter. For all bioassays, rickettsiae were enumerated with a Live/Dead BacLight bacterial viability kit (Molecular Probes) in a Petroff-Hausser bacterial counting chamber (Hausser Scientific) and examined with a Leica microscope (16) .
Database search for putative tick molecules. The tBlastx algorithm was used to search publicly available D. variabilis transcriptome databases (GenBank accession numbers SRX018179, SRX001955, and SRX001954) (17) for partial transcripts with high similarity to molecules previously determined to be involved in the rickettsial invasion of mammalian or Drosophila cells. Nucleotide sequences from Ixodes scapularis, Drosophila melanogaster, or Homo sapiens for Src, N-WASP, Rac1, Cdc42, Rho1, PTK, PI3-kinase, and FAK were used for the search and analysis. Percent identity of resultant partial transcripts to the query sequences was determined using ClustalW across the aligned sequences.
Biochemical inhibition assays.
All inhibitors used in this study (Table  1) were purchased from EMD Chemicals, and dimethyl sulfoxide (DMSO) was obtained from Sigma-Aldrich. Effect of the inhibitors on tick cell viability was assessed by incubating tick cells with the highest concentration of each inhibitor used for 3 h prior to staining the cells with trypan blue (Gibco) and assessed by exclusion analysis. As previously described (11), DVE1 cells (1 ϫ 10 5 ) were seeded onto 96-well plates and incubated at 32°C for 48 h. The cells were treated with three different concentrations of individual inhibitors or the control inhibitor vehicle (complete L15C medium or medium containing 1% DMSO) for 2 h. The experiments were performed in quadruplicate for each concentration of the inhibitor used, and the results were the combination of two independent experiments. The effect of DMSO on rickettsial infection of tick cells was determined by incubating cells with two concentrations of DMSO (0.1% and 1%) prior to performing biochemical inhibition assays. Treated cells were exposed to R. montanensis at a multiplicity of infection (MOI) of 10, and the plate was centrifuged at 700 ϫ g for 2 min to facilitate rickettsial contact with host cells. After 1 h, unbound rickettsiae in the medium were removed, and host cells were harvested by pipetting 150 l of phosphate-buffered saline (PBS) onto the cells several times; the suspension was centrifuged at 275 ϫ g for 4 min. The cell pellet was washed with 1 ml of PBS and centrifuged at 275 ϫ g for 4 min. The samples were stored at Ϫ20°C until used for genomic DNA (gDNA) isolation.
To determine if rickettsial invasion of tick cells occurs through an active process, cells preincubated in medium supplemented with 1% DMSO were exposed, in triplicate, to either live or formalin-fixed Rickettsia (MOI of 10). Exposed cells were collected and washed as described above, and the cell pellet was stored for gDNA isolation. The results are a combination of two independent experiments.
For each sample, gDNA was extracted using a DNeasy blood and tissue kit (Qiagen) according to the manufacturer's instructions with the DNA eluted in 35 l of DNase/RNase-free water. Numbers of rickettsiae and tick cells were then quantified by probe-based quantitative PCR (qPCR), measuring genomic equivalents of rickettsial OmpB and tick calreticulin genes, as previously described (11) . Percent relative invasion was calculated by comparing the ratios of rickettsial genes to tick genes between inhibitor and inhibitor vehicle-treated groups.
Statistical analysis. The SAS statistical package (version 9.3) was used for statistical analysis. For biochemical inhibition assays, two-way analysis of variance (ANOVA) was conducted using the general linear model (GLM) procedure. Pairwise t tests of least-squares means were used to examine the interaction effects of inhibitors, or inhibitor vehicle, on Rickettsia invasion of tick cells. The TTEST procedure was performed to compare percentages of relative invasion of live and formalin-fixed rickettsiae. P values of Յ0.05 were considered significantly different. Table S1 in the supplemental material). Although comprehensive analyses (11) (12) (13) (18) (19) (20) (21) confirmed gene sequences for some of the molecules, the partial transcript sequence data for several D. variabilis molecules suggest a level of identity between ticks and other invertebrates relative to cytoskeletal molecules. The specificity of the inhibitors on tick proteins and undefined downstream effects influencing rickettsial invasion cannot be confirmed without detailed molecular and functional characterization of each target molecule; however, the combined characterization of inhibitors in mammalian and Drosophila systems and corresponding identification of putative factors in the current study suggest the potential for specific activity in ticks.
Invasion of tick cells occurs through a process dependent on live Rickettsia. In previous studies, functional and transcriptional analyses of tick-derived molecules utilizing whole organs in ticks (22) and in an ex vivo bioassay (12) provided advantages regarding natural infection targets but were limited by the constraints of whole-organ culture and controlling the parameters of infection, including consistent rickettsial exposure to all cells. An alternate approach employed in the current study utilizes the D. variabilisderived DVE1 embryonic cell line. It is recognized that tick-derived cell lines comprise multiple cell types (23); with subculturing, the diversity of cell types in the line decline, and one or two cell types become dominant (24) . A morphologically distinct cell type described in other tick cell lines was noted to contain apparent phagocytic activity as a portion of nonviable rickettsiae were able to invade cells (25) . To discern if invasion is active or a result of phagocytic activity, rickettsiae can be fixed in formalin, which may alter the conformation of some components on the rickettsial surface but still allows rickettsiae to adhere to host cells (26) . In the current study, Rickettsia internalization assays were performed using either live or formalin-fixed, nonviable R. montanensis, similar to a previously described protocol for an R. parkeri invasion bioassay (9) . Formalin-fixed rickettsiae were intracellular significantly less (75%; P Ͻ 0.0001) than live rickettsiae, suggesting that rickettsial entry into tick cells occurs through an active Rickettsiaspecific process (Fig. 1) .
Tick-derived cells in biochemical inhibition assays. The objective of this study was to use biochemical inhibition assays to elucidate the molecular mechanisms underlying rickettsial invasion of tick cells. The DVE1 cell line was used to study the factors influencing Rickettsia peacockii infectivity (16); in the current study, the R. montanensis and DVE1 cell model represents a natural SFG Rickettsia and tick pairing (27) (28) (29) (30) (31) . The concentration of inhibitors used in each experiment was based on the literature, solubility, and the effect of the inhibitors on tick cell viability. At the highest concentration of each inhibitor, tick cell viability was not affected when assessed by a trypan blue exclusion assay. Because most inhibitors were reconstituted in DMSO, the concentration of DMSO was optimized to minimize the influence of DMSO in the assays. Similar to the chemical inhibitors, DMSO at concentrations up to 1% of culture medium did not affect cell viability. To assess the influence of DMSO on rickettsial invasion, tick cells were seeded, treated with 0.1% or 1% DMSO, infected with Rickettsia, and processed for gDNA extraction. Real-time qPCR (11) was used to enumerate the number of intracellular rickettsiae and tick cells. Compared to cells without DMSO, at DMSO concentrations of 0.1% or 1%, rickettsial infection did not vary by more than 12% (see Fig. S1 in the supplemental material). Combined, neither the vehicle nor the inhibitor had a direct effect on DVE1 cells, indicating that any decrease in cell infection was not due to cell death.
Host actin is required for R. montanensis invasion of tick cells. Well-characterized pathogens such as Listeria, Shigella, and Yersinia utilize host cell actin to enter cells (32) (33) (34) (35) . Similarly, actin polymerization is important for rickettsial invasion of Drosophila and mammalian cells (6, 9) ; thus, the role of actin polymerization was examined for R. montanensis infection of tick cells. An inhibitor of actin polymerization, cytochalasin D, was used to treat DVE1 cells for 2 h prior to infection with R. montanensis for 1 h. The results showed that disruption of actin polymerization in tick cells significantly decreased percent relative rickettsial invasion to 40% (P Ͻ 0.0001), 51% (P Ͻ 0.0001), and 70% (P ϭ 0.0001) at 100, 10, and 1 M concentrations of the inhibitor used, respectively (Fig. 2) . Consistently with rickettsial invasion of cells from other host backgrounds, R. montanensis invasion of tick cells occurs through a process that depends on tick actin.
The Arp2/3 complex is important for R. montanensis invasion of DVE1 cells. The Arp2/3 complex is a seven-subunit pro- The samples were collected by low-speed centrifugation, and gDNA was extracted. Mean (Ϯ standard error of the mean) percentages of relative invasion, calculated as the ratio of rickettsial OmpB and tick calreticulin gene copy numbers, were compared between formalin-fixed and live R. montanensis samples. The experiments were performed in triplicate for each group, and the results are a combination of the results from two independent experiments. ****, P Ͻ 0.0001. tein capable of nucleating actin filaments (36, 37); a homologous complex was recently identified in D. variabilis (12) . For several bacterial pathogens, the Arp2/3 complex plays a role in invasion of host cells (38) (39) (40) (41) (42) (43) (44) (45) . Previous in vitro studies revealed the importance of the Arp2/3 complex in rickettsial internalization in Drosophila and mammalian cells (6, 9) , as well as in whole tick organs ex vivo (12) . To examine whether the molecule is essential for the entry of R. montanensis into tick cells, DVE1 cells were treated with CK-666, an Arp2/3 complex inhibitor, at 500, 50, and 5 M for 2 h before being infected with R. montanensis for 1 h. Compared to the controls (no inhibitor, vehicle only), inhibition of the Arp2/3 complex significantly reduced (P Ͻ 0.0001) the percent relative invasion to 8% at the highest concentration of the inhibitor used (Fig. 3) . Therefore, based on studies in varied host cell backgrounds, the Arp2/3 complex is important for rickettsial invasion of cells in both mammalian and vector hosts.
Inhibition of N-WASP has a moderate effect on R. montanensis invasion of DVE1 cells. N-WASP is a cytoskeleton regulator that promotes actin nucleation by binding to and activating the Arp2/3 complex (46, 47) . For some pathogens, such as Yersinia pseudotuberculosis (48) and Listeria monocytogenes (49) , N-WASP facilitates internalization into host cells. Interestingly, it is not required for R. parkeri invasion of Drosophila and mammalian cells (9) . To investigate the role of N-WASP in R. montanensis entry into tick cells, the N-WASP inhibitor 187-1 was used to treat tick cells at three different concentrations (100, 10, and 1 M) prior to exposure to R. montanensis. At the highest concentration of 187-1, a moderate (20%), but significant (P ϭ 0.0092), decrease in R. montanensis entry was observed for treated cells compared to that in the control (Fig. 4) . The modest effect of the inhibitor on rickettsial invasion of tick cells may be due to multiple factors, including the inability for the inhibitor to affect tick N-WASP or poor solubility of the inhibitor in the medium, or, as with insect cells, the rickettsiae may utilize an alternate pathway (e.g., Racdependent) for infection.
Rho GTPase, Rac1, mediates R. montanensis uptake into tick cells. Of the 22 Rho family GTPases, Cdc42 and Rac are the upstream signaling molecules that activate N-WASP and WAVE family proteins (50, 51) . Cdc42 has been shown to trigger N-WASP, and Rac activates WAVE; interactions of these two pairs of molecules lead to Arp2/3 complex-mediated actin polymerization (52) . In R. conorii, Cdc42 facilitates bacterial entry into mammalian cells (6); however, in R. parkeri, the Rho GTPases Rac1 and Cdc42 were proposed to cooperatively stimulate actin polymerization, leading to rickettsial internalization (9) . The minimal effect that disruption of N-WASP had on rickettsial invasion of tick cells suggested that further examination was required of the parallel pathway, the Rac pathway, to N-WASP-mediated Arp2/3 complex activation. Using a broad-spectrum Rho family GTPase inhibitor, Clostridium difficile toxin B, which inhibits Rho, Rac, and Cdc42, demonstrated that inhibition of Rho GTPases with C. difficile toxin B had no significant effect on R. montanensis inva- . Numbers of intracellular rickettsiae and host cells were quantified by qPCR, and the mean (Ϯ standard error of the mean) percent relative invasion of each treatment was compared to that in the untreated control. All treatments were performed in quadruplicate for each experiment, and the results are a combination of the results from two independent experiments. ****, P Ͻ 0.0001; ***, P ϭ 0.0001.
FIG 3 Arp2/3 complex is important for rickettsial internalization of DVE1
cells. Tick-derived DVE1 cells were treated with CK-666 (CK), an inhibitor of the Arp2/3 complex, at various concentrations, and the mean (Ϯ standard error of the mean) percent relative invasion of each treatment was compared to that of the untreated (vehicle only) control. All treatments were assessed in quadruplicate for each experiment, and the results are a combination of the results from two independent experiments. ****, P Ͻ 0.0001. sion of DVE1 cells (1 to 13% decrease in rickettsial invasion; P Ͼ 0.05) (Fig. 5A) . To determine if ineffectiveness of the broad-range inhibitor was an issue of potency or specificity of the inhibitor, Rac1 was specifically targeted using the Rac1 inhibitor. As shown in Fig. 5B , inhibition of Rac1 significantly decreased the percent relative R. montanensis invasion of tick cells compared to that in the untreated control by 38% (P Ͻ 0.0001) at a 1 mM concentration of the inhibitor used. Consistently with the suggested role of Rac in R. parkeri, L. monocytogenes, and Candida albicans invasion of mammalian and Drosophila cells (9, 43, 53) , Rac1 inhibition correlates with R. montanensis infection in tick cells. In contrast, experiments employing dominant negative Rac1 mutants suggested that Rac was not involved in R. conorii invasion of Vero cells (6) . A possibility for the discrepancies between studies may relate to a severe phenotype that disrupts guanine nucleotide exchange factors for GTPase proteins in the Rac1 mutants, affecting alternate molecules also essential to rickettsial invasion (9) . While additional methods to assess the role of Rac1 in different host backgrounds are needed, both Rac1 and N-WASP were identified to play a significant role in rickettsial invasion of tick cells.
Protein tyrosine kinases play a role in R. montanensis invasion of DVE1 cells. Studies utilizing SFG Rickettsia (6, 9) have illustrated that phosphorylation of proteins on tyrosine residues mediates internalization of bacteria into host cells. In the present study, three different concentrations (500, 50, and 5 M) of genistein, a specific inhibitor of tyrosine-specific protein kinases, was used in our bioassay, and the inhibition of general tyrosine kinases reduced the ability of rickettsiae to invade tick cells compared to their ability to invade the untreated control (Fig. 6A) . The significant reduction of invasion by 69% (P Ͻ 0.0001) and 23% (P ϭ 0.0039) at 500 and 50 M concentrations of the inhibitor used, respectively, indicated a role for PTKs in R. montanensis internalization of tick cells.
Invasion of mammalian cells by R. conorii revealed the involvement of Src and FAK in bacterial uptake, analogous to what occurs with Y. pseudotuberculosis, uropathogenic Escherichia coli (UPEC), or Shigella flexneri internalization into host cells (6, (54) (55) (56) (57) . The Src and FAK family kinases were shown to regulate actin cytoskeleton reorganization (58, 59) ; therefore, the importance of these molecules in R. montanensis invasion of tick cells was examined in this study. As shown in Fig. 6B , inhibition of Src family PTKs by PP2 significantly decreased (P Ͻ 0.0001) the percent relative rickettsial invasion to 52% at a 250 M concentration of the inhibitor used. Similarly, disruption of FAK significantly reduced the ability of R. montanensis to invade tick cells to 23% (P Ͻ 0.0001) and 72% (P Ͻ 0.0001) at 500 and 50 M concentrations of the inhibitor, respectively, compared to its ability to invade the untreated control (Fig. 6C) . The results suggest that Src and FAK are important for R. montanensis internalization into DVE1 tick cells. However, these findings differ from the study of R. parkeri invasion of Drosophila and mammalian cells in which a specific tyrosine kinase, Src, was nonessential for the entry of the bacteria (9) . The potential for either Rickettsia species or host-specific utilization of Src and FAK requires further study.
Inhibition of phosphatidylinositol-3= kinase limits R. montanensis invasion of DVE1 cells. PI3-kinase is involved in actin cytoskeleton remodeling (60) , and R. conorii invasion of mammalian cells associates PI3-kinases with rickettsial uptake (6). To determine the role of the PI3-kinase in R. montanensis invasion of tick cells, three different concentrations (500, 50, and 5 M) of PI3-kinase inhibitor XI, a wortmannin 17␤-hydroxy analog (HWT), were assessed. The results showed a significant decrease (P Ͻ 0.0001) in R. montanensis invasion of DVE1 cells compared to that of the untreated control; the percent relative invasion was reduced to 40% at the highest concentration of the inhibitor used (Fig. 7) . Although PI3-kinase is not required for R. parkeri invasion of Drosophila cells and some mammalian cell types (9), the results presented here indicate that PI3-kinase facilitates R. montanensis uptake into tick cells, consistent with R. conorii internalization into host cells. Further studies to demarcate the role of PTKs and PI3-kinase in other species of SFG Rickettsia invasion of tick cells are required.
In summary, tick signaling molecules associated with R. montanensis invasion were characterized using a tick and SFG Rickettsia pairing commonly observed in field-collected ticks (27) (28) (29) (30) (31) . Utilization of the natural host cell background may illuminate unique pathways or identify novel rickettsial mechanisms for cell invasion. Consistently with the studies in mammalian and Drosophila cell lines and whole tick tissues (6, 9, 12) , the Arp2/3 complex and actin are the central molecules activated during the entry DVE1 cells were treated with C. difficile toxin B (ToxB), a general inhibitor for Rho GTPases (A), or with the Rac1 inhibitor (Rac) (B), and the mean (Ϯ standard error of the mean) percent relative rickettsial invasion of each treatment was compared to that of the untreated (vehicle only) control. Each concentration of inhibitor was assessed in quadruplicate, and means represent a combination of results from two independent experiments. ****, P Ͻ 0.0001.
of R. montanensis into tick cells. The upstream signaling proteins cooperating to regulate the Arp2/3 complex are similar but not identical between host cell backgrounds. Although differences in SFG Rickettsia species, molecules targeted, and techniques used in this and previous studies make comparing the means of invasion of mammalian, Drosophila, and tick cells by SFG Rickettsia difficult, it can be concluded that conserved mechanisms with some degree of variation are utilized in SFG Rickettsia invasion of vertebrate and invertebrate cells. The bioassay described here can be expanded to examine alternate tick-derived cell lines and rickettsial pathogens to ascertain if the differences are host background or rickettsia dependent. To expand upon the current findings using the in vitro model presented, further studies are required to investigate the mechanisms by which SFG Rickettsia manipulates tick proteins to facilitate rickettsial infection of tick hosts and transition between ticks and vertebrate hosts. cells. Tick cells were treated with protein tyrosine kinase (PTK) inhibitors, including genistein (Gen), a general PTK inhibitor (A), PP2, an inhibitor of the Src family of PTKs (B), and the focal adhesion kinase inhibitor (FAKi) (C). The mean (Ϯ standard error of the mean) percent relative rickettsial invasion of each treatment group was compared to that of the untreated controls. Each treatment was assessed in quadruplicate for each experiment, and bars represent the combination of results from two independent experiments. ****, P Ͻ 0.0001; ***, P ϭ 0.0004; **, P ϭ 0.0039.
FIG 7
Inhibition of phosphatidylinositol-3=-kinase limits R. montanensis entry into tick cells. DVE1 cells were treated with PI3-kinase inhibitor XI, HWT (PI3-Ki), and the percent relative rickettsial invasion (mean Ϯ standard error of the mean) for each treatment group was determined in quadruplicate for each experiment, and results are the combination of results from two independent experiments. ****, P Ͻ 0.0001.
